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Abstract: In this paper, we propose a new distributed energy beamforming and information transfer (DEBIT) scheme for realizing
simultaneous wireless information and power transfer (SWIPT) in multiway relay networks (MWRNs), where multiple single-
antenna users exchange information via an energy-constrained single-antenna relay node. We investigate the optimal transceiver
designs to maximize the achievable sum-rate or the harvested power. The resultant sum-rate maximization problem is non-convex
and the global optimal solution can be obtained through a three-dimensional search in combination with conventional convex opti-
mization. To reduce the computation complexity, a suboptimal DEBIT scheme is also proposed, for which the optimization problem
becomes linear programming. The achievable sum-rate performance is analyzed and a closed-form lower bound is derived for the
MWRN with a large number of users. Furthermore, we consider the harvested-power maximization problem under a target sum-
rate constraint, and derive a lower bound of the average harvested power for MWRNs with a large number of users. Numerical
results show that the DEBIT scheme significantly outperforms the conventional SWIPT and the derived lower bounds are tight.
1 Introduction
In many wireless networks, terminals are usually equipped with
fixed power supplies and have a limited lifetime, e.g., sensor nodes
embedded in buildings are equipped with batteries which are highly
inconvenient to replace. Harvesting energy from the environment
has emerged as a promising solution for prolonging the lifetime
of energy-constrained devices in wireless communication systems
[1–6]. Considering the fact that radio frequency (RF) signals carry
information as well as energy at the same time, simultaneous wire-
less information and power transfer (SWIPT) technology has gained
considerable attention in both academic and industrial fields [7–11].
The concept of SWIPT was first proposed in [3] and [4]. In a
SWIPT enabled wireless network, the receivers can process informa-
tion and harvest energy from received signals simultaneously. The
SWIPT technique has been applied to various wireless networks,
such as multi-input multi-output (MIMO) systems [11–13], orthog-
onal frequency division multiple access (OFDMA) systems [14],
wireless relay networks [15–17], and cognitive radio networks [18].
In [14], the authors investigated the optimal resource allocation to
maximize the energy efficiency for SWIPT OFDMA systems with
power-splitting receivers. In [15], the authors analyzed the perfor-
mance of SWIPT enabled two-way relay network (TWRN), where
the relay harvests power from the sources’ transmit signal based on
a time-switching protocol. In [17], the authors investigated the opti-
mal transmission policy for the SWIPT TWRN where both the users
and the relay node are able to process information and harvest power
simultaneously.
A key observation is that, in wireless communications, the elec-
tromagnetic wave impinged upon a receiver is usually a mixture
of the signals from multiple independent transmitters. As such, the
harvested power at a receiver can be significantly enhanced if the
transmit signals can be coordinated to superimpose each other coher-
ently at the receiver. This is the basic idea of distributed energy
beamforming and information transfer (DEBIT), which was intro-
duced in [19], where the gain of DEBIT was studied in two-way
relay networks. However, such distributed energy beamforming gain
is quite limited since there are only two transmitters serving the
energy-harvesting relay in a two-way relay network. It is of pressing
interest to understand how this gain scales along with the number of
transmitters, and how it fundamentally affects the tradeoff between
information delivery and power transfer.
In this work, we apply DEBIT to multiway relay networks
(MWRNs) [21–23] and study the transceiver design to optimize the
system performance. For MWRNs with a large number of users, a
large transmit power budget is usually required at the relay node,
especially when AF protocol is adopted by the relay [20–22]. It
has been shown in [20, 21] that the throughput of the MWRN over
Gaussian channels will be bottlenecked by the relay if it has a lim-
ited power supply. With DEBIT, the relay node can harvest power
from the RF signals to improve the network throughput, as well as
to prolong the relay’s lifetime [20].
We study the sum-rate maximization and harvested power max-
imization problems for the proposed DEBIT scheme. For sum-rate
maximization, the power splitting ratio, the time splitting ratio as
well as the power allocations are jointly optimized to maximize the
sum-rate of MWRNs under a target harvested power at the relay. The
resultant optimization problem is non-convex, and we show that the
global optimal solution can be obtained through a three-dimension
search in combination with conventional convex optimization. We
also propose a suboptimal scheme to reduce the complexity, for
which the sum-rate maximization problem becomes simple linear
programming problem. We analyze the sum-rate performance of the
proposed scheme and a closed-form expression of the sum-rate lower
bound is derived for the MWRN with a large number of users. In
addition, we also formulate the problem of maximizing the harvested
power under the constraint of a target sum-rate for information deliv-
ery. We show that this harvested-power maximization problem can
be solved by a three-dimensional exhaustive search on top of a con-
vex program. We also propose a low-complexity suboptimal scheme,
and show that the optimal resource allocation for such a simpli-
fied scheme can be efficiently obtained by a one-dimensional search
over solutions of linear programs. We further establish an asymptotic
lower bound of the average harvested power, and show that the lower
bound increases quadratically in the number of users.
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The rest of this paper is organized as follows. Section 2 describes
the system model and Section 3 describes the DEBIT scheme.
Section 4 investigates the sum-rate maximization problem. The
achievable sum-rate performance is analyzed in Section 5. Section
6 investigates the harvested power maximization problem. The pro-
posed schemes are tested and compared with the conventional
SWIPT scheme in Section 7, followed by the conclusions in Section
8.
2 System Model
Fig. 1 (a) shows a half-duplex MWRN with K single-antenna users
and one single-antenna relay node. We assume there is no direct user-
to-user links, and these users need to exchange information via the
relay node. Full-data exchange is considered in this work, i.e., each
user need to receive the messages from all the other users in two
consecutive phases. Note that such a model corresponds to the case
that multiple sensor nodes exchange information through an inter-
mediate node. In the first phase (referred to as MAC phase), all the
users send signals to the relay. In the second phase (referred to as
BC phase), the relay harvests energy using a power splitter and then
forwards the residual signal to the users using amplify-and-forward
relaying protocol. The channel between the k-th user and the relay is
denoted by hk , which is Rayleigh distributed and keeps unchanged
during the two phases. We also assume that each node has perfect
knowledge of all the channels.
3 The Proposed DEBIT Scheme
3.1 MAC Phase
As shown in Fig. 1 (b), the MAC phase is in general divided into
two subphases, and the duration of the two subphases are αT and
(1− α)T , respectively. Here, α ∈ [0, 1] and T is the duration of
the whole MAC phase. In the first subphase, as shown in Fig. 1 (b),
each user sends superimposed energy symbols as well as information
symbols to the relay. While in the second subphase, user k transmits
information symbols only.
Let pk,E and pk,1 denote the transmit power of the energy
and information symbols at the k-th user, respectively. In the first
subphase, the transmit signal at user k is given by
xk,1(t) =
√
pk,Ee
−j∠hksE(t) +
√
pk,1sk,1(t), t ∈ [0, αT ] (1)
where sE(t) is the energy signal for power transfer, and sk,1(t) is
the information signal.
In the second subphase, let pk,2 denote the transmit power of user
k. Then, the transmit signal of the k-th user is given by
xk,2(t) =
√
pk,2sk,2(t), t ∈ (αT, T ]. (2)
Let Pk denote the transmit power budget at user k in the
MAC phase, then pk,E , pk,1 and pk,2 are subject to the following
constraint:
α(pk,E + pk,1) + (1− α)pk,2 = Pk,∀k. (3)
3.2 Relay Energy Harvesting and Information Processing
From (1), in the first subphase, the received signal at the relay is
y˜R,1(t) =
K∑
k=1
√
pk,E |hk|sE(t)
+
K∑
k=1
√
pk,1hksk,1(t) + zR,1,a(t),
(4)
where zR,1,a(t) ∼ CN(0, σ2R,a) is the additive white Gaussian
noise (AWGN) at the relay’s antenna.
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Fig. 1: (a) A K-user multiway relaying system. (b) Frame struc-
ture for the proposed DEBIT scheme. (c) Energy harvesting and
information processing at the relay.
Then, the relay performs information receiving and energy har-
vesting based on power splitting [7]. Specifically, the received sig-
nal y˜R,1(t), t ∈ [0, αT ], is splitted into two parts:
√
θy˜R,1(t) and√
1− θy˜R,1(t), where θ ∈ [0, 1] is the relay’s power splitting ratio.
Here,
√
θy˜R,1(t) is used for energy harvesting, and
√
1− θy˜R,1(t)
is for information forwarding. From (4), the harvested power in the
first subphase is given by
PEH(α, θ, p˜E , p˜1) = αθηE(|y˜R,1(t)|2)
= αθη

( K∑
k=1
√
pk,E |hk |
)2
+
K∑
k=1
pk,1|hk|2

 , (5)
where η ∈ [0, 1] is the efficiency of energy conversion , p˜E ,
[p1,E , . . . , pK,E ]
T , and p˜1 , [p1,1, . . . , pK,1]
T . Note that the first
and second term on the right hand side of (5) denotes the energy
harvested from the common signal sE(t) and the information signal
{sk(t)}Kk=1, respectively.
The other part of the received signal,
√
1− θ y˜R,1(t), t ∈
[0, αT ], is then converted into baseband for information processing.
It should be noted that the energy symbols sE(t) are known to the
relay node. Hence, it can be canceled at the relay before informa-
tion processing. After removing the signals related to sE(t) from√
1− θ y˜R,1(t), the relay obtains
yR,1(t) =
√
1−θy˜R,1(t)−
K∑
k=1
√
(1−θ)pk,E |hk|sE + zR,1,b(t)
=
K∑
k=1
√
(1− θ)pk,1hksk,1(t) + zR,1(t).
(6)
Here, zR,1,b(t) ∼ CN(0, σ2R,b) is the AWGN introduced by
the signal conversion from passband to baseband. zR,1(t) ,
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√
1− θzR,1,a(t) + zR,1,b(t) with a variance of σ2R,1 , (1−
θ)σ2R,a + σ
2
R,b.
As mentioned before, no energy harvesting is involved at the relay
in the second subphase, and the relay’s received signal is given by
yR,2(t) =
K∑
k=1
√
pk,2hksk,2(t) + zR,2(t), (7)
where t ∈ (αT, T ], and zR,2(t) ∼ CN(0, σ2R) is the AWGN.
3.3 BC Phase
After energy harvesting and information processing, the relay broad-
casts information symbols received in the MAC phase to all the users
in the BC phase. Similarly to the MAC phase, the BC phase consists
of two subphases, with the transmit signals at the relay expressed as
xR,n(t) =
√
ωyR,n(t), n = 1, 2, (8)
where n is a subphase index, and ω is an amplification factor for
power control at the relay:
ω×
[
α
(
(1− θ)
K∑
k=1
pk,1|hk |2 + σ2R,1
)
+(1− α)
(
K∑
k=1
pk,2|hk|2 + σ2R
)]
≤ PR,
(9)
where PR denotes the relay power budget.
At user k, the received signals in the BC phase can be expressed
as
yk,n(t) = hkxR,n(t) + zk,n(t), (10)
where zk,n(t) ∼ CN(0, σ2) is the AWGN.
After removing the self-interference, user k obtains
y˜k,n(t) =
K∑
m=1,m 6=k
√
ωδnpm,nhkhmsm,n(t)
+
√
ωhkzR,n(t) + zk,n(t),
(11)
where δ1 = (1− θ) for the first subphase, and δ2 = 1 for the second
subphase.
4 Sum-Rate Maximization
In this section, we investigate the optimal transceiver design to max-
imize the achievable sum-rate of the DEBIT scheme over MWRNs.
4.1 Optimal Designs
From (11), it can be seen that the signal model for the considered
MWRN represents a multi-access channel withK − 1 users. Hence,
the achievable rate region for the proposed DEBIT scheme is the
convex hull of
K⋂
k=1
⋂
S∈Sk
{
(R1, . . . , RK)
∣∣∣∣
∑
m∈S
Rm ≤ Rk,S(α, θ, ω, p˜1, p˜2)

 ,
(12)
where Sk = {1, ..., k − 1, k + 1, ..., K}, p˜2 = [p1,2, . . . , pK,2]T ,
and
Rk,S(α, θ, ω, p˜1, p˜2) =
αC
(
(1− θ)ω|hk|2
∑
m∈S |hm|2pm,1
ω|hk|2((1− θ)σ2R,a + σ2R,b) + σ2
)
+ (1− α)C
(
ω|hk|2
∑
m∈S |hm|2pm,2
ω|hk|2σ2R + σ2
)
,
(13)
with C(x) , 12 log2(1 + x).
Let P 0EH denote the target harvested power at the relay. In the
following, we aim to maximize the achievable sum-rate under peak
power constraint at each user. The sum-rate maximization problem
can be formulated as
P1 : max
α,θ,ω,p˜E ,p˜1,p˜2,{Rk}Kk=1
Rsum =
K∑
k=1
Rk
s.t. (3), (9), (12),
0 ≤ θ ≤ 1,
0 ≤ α ≤ 1,
PEH(α, θ, p˜E , p˜1) ≥ P 0EH,
pk,E + pk,1 ≤ Ppeak, k = 1, . . . ,K,
(14)
where Ppeak denotes the peak power at each user.
Note that the function f(p˜E) =
(∑K
k=1
√
pk,E |hk|
)2
in (5) is
concave in p˜E ∈ RK . Furthermore, the other constraints in (14)
are linear constraints when α, θ, and ω are fixed. Based on these
observations, we have the following result.
Theorem 1. For fixed α, θ, and ω, the optimization problem P1 is
convex.
Remark 1. Note that both the relay power constraint function (9)
and the rate constraints (13) are monotonic increasing functions in
terms of ω. Hence, with Theorem 1, the global optimal solution for
P1 can be obtained with a two-dimensional exhaustive search over
α, θ, together with a one-dimensional bisection search over ω.
4.2 Suboptimal Designs
Capitalizing on the distributed energy beamforming gain, the pro-
posed DEBIT scheme can achieve superior performance over
the conventional SWIPT. However, a three-dimensional search is
required to find the optimal solution, and it is quite difficult to
analyze its performance. In this subsection, we propose a subop-
timal scheme with low-complexity. We show that the optimization
problem for the suboptimal scheme becomes linear-programming
problem which are much easier to solve as compared with the
optimal scheme.
In this suboptimal scheme, the first subphase at each user is ded-
icated to power transfer, i.e., pk,1 = 0,∀k, and the powers used for
energy transfer are equal to each other, i.e., pk,E = pE,∀k. At the
relay node, the power splitting ratio is θsub = 1, as each user trans-
mits energy signals only in the first subphase. For such suboptimal
scheme, the achievable rate region is the convex hull of
K⋂
k=1
⋂
S∈Sk

(R1, . . . , RK )
∣∣∣∣ ∑
m∈S
Rm ≤ Rk,S,sub

 , (15)
where
Rk,S,sub = (1− αsub)C
(
ωsub|hk|2
∑
m∈S |hm|2pm,2,TS
ωsub|hk |2σ2R + σ2
)
.
(16)
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From (16), it can be seen that the time duration for energy transfer,
αsubT , should be minimized to maximize the achievable data rate in
the second subphase. Hence, the power of the energy signal in the
first subphase should be as high as possible, that is
pk,E = pE = Ppeak, ∀k. (17)
Recall that θsub = 1 for energy harvesting at the relay node. Then
the corresponding harvested power is given by
PEH,sub(αsub) = αsubηPpeak
(
K∑
k=1
|hk|
)2
. (18)
For a target harvested power P 0EH, we have
αsub =
P 0EH
ηPpeak
(∑K
k=1 |hk|
)2 . (19)
As a result, the power of sk,2(t) at user k is
pk,2,sub =
Pk − αsubPpeak
1− αsub
, ∀k. (20)
From (9), (19) and (20), the coefficient ω for the suboptimal DEBIT
scheme can be determined by
ωsub =
PR
(1− αsub)(
∑K
k=1 pk,2,sub|hk|2 + σ2R)
. (21)
With closed-form expressions of αsub, pk,2,sub and ωsub given by
(19), (20) and (21), respectively, the sum-rate maximization problem
for the suboptimal DEBIT scheme can be formulated as
P2 : max
{Rk}Kk=1
Rsum,sub =
K∑
m=1
Rm
s.t.
∑
m∈S
Rm ≤ Rk,S,sub,∀S ∈ Sk,∀k.
(22)
From (22), we see that P2 is a linear program, and can be solved
efficiently in polynomial time [24].
5 Sum-Rate Performance Analysis
In this section, we focus on analyzing the suboptimal DEBIT
scheme, which serves as the performance lower bound of the optimal
DEBIT scheme.
5.1 Sum-Rate Performance Lower Bound
We consider a symmetric MWRN in which the power budgets are
the same for all the users: Pk = P , which implies that pk,2,sub =
p2,sub,∀k, for the suboptimal DEBIT. We also assume σ2R = σ2,
and that the channels are independent and identically distributed
(i.i.d.) Rayleigh fading with an average gain of G, i.e., E(|hk|2) =
G, ∀k.
Recall that the signal model in (11) represents a MACwithK − 1
users, and there areK such multi-access channels in the AFMWRN.
Sort the channels in an ascending order as |hpi(1)| ≤ . . . ≤ |hpi(K)|.
For the AF MWRN, the achievable rates of users pi(2), ..., pi(K),
are bottlenecked by the worst-channel user pi(1), while the data rate
of user pi(1) is bottlenecked by the second worst user pi(2). Base on
these observations, we are able to obtain a sum-rate lower bound for
the DEBIT scheme.
Theorem 2. For a symmetric MWRN with a target harvested power
of P 0EH, the achievable sum-rate of the proposed suboptimal DEBIT
scheme is lower bounded by
RLBsum,sub(P
0
EH) =
(1− αsub)C
(
ωsub|hpi(1)|2
∑K
m=1 |hm|2p2,sub
ωsub|hpi(1)|2σ2 + σ2
)
.
(23)
Proof: See Appendix A.
Remark 2. As a sum-rate lower bound for the suboptimal scheme,
the bound (23) also serves as the lower bound of the optimal DEBIT
scheme described in the previous Section.
Based on Theorem 2, we are able to obtain a closed-form lower
bound on the average sum-rate of the DEBIT scheme.
Proposition 1. For a symmetric MWRN with a target harvested power
P 0EH, when the number of users are sufficiently large, the average
sum-rate of the DEBIT scheme is lower bounded by
Ravg,LBsum (P
0
EH) =
Pfs(P
0
EH)(1− α0sub)C
(
GPR
(K +Gω0
sub
)(1− α0
sub
)σ2
)
,
(24)
where
Pfs(P
0
EH) = 1− Φ
(
c0√
KσH
−
√
KµH
σH
)
, (25a)
α0sub =
P 0EH
ηPpeakKg2
(
c0√
K
,
√
KpiG
4 ,
√
(4−pi)G
4
) , (25b)
ω0sub =
PR
(P − a0TSPpeak)
√
Kg
(
c20
K
√
K
,
√
KG,G
) , (25c)
c0 =
√
P 0EH
ηP , µH = E[|hk|] =
√
piG
4 , σ
2
H = Var[|hk |] = (4−pi)G4 ,
Φ(x) is the cumulative distribution function (CDF) of the standard
normal distributionN (0, 1), and g(ζ, µ, σ) is defined as
g(ζ, µ, σ) , µ+
σ√
2pi
[
1− Φ
(
ζ−µ
σ
)]e− (ζ−µ)22σ2 . (26)
Proof: See Appendix B.
5.2 Discussion
For the symmetric MWRN with a larger number of users, when
the target harvested power satisfies P 0EH ≪ ηpiK2PG/4, we have
Pfs(P
0
EH) ≃ 1, α0sub ≃ 0, and ω0sub ≃ PRKPG . The lower bound in
(24) can be further approximated as
R
avg,LB
sum (P
0
EH) ≃ C
(
KGPPR
(K2P + PR)σ2
)
. (27)
If the relay’s power budget scales with the number of users, that
is, PR = KP , then from (27) we have
lim
K→∞
R
avg,LB
sum (P
0
EH) = C
(
PG
σ2
)
. (28)
In this case, the sum-rate lower bound tends to a constant for a large
number of users.
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On the other hand, if the transmit power of the relay is fixed, then
we obtain from (27) that
lim
K→∞
R
avg,LB
sum (P
0
EH) = 0, (29)
that is, the average sum-rate lower bound approaches zero even for a
small P 0EH.
From the above discussions, we see that the transmit power of the
relay plays an important role on the sum-rate of the MWRN. Hence,
energy-harvesting at the relay node would be a promising solution
to improve the throughput of MWRNs with an energy-constrained
relay node.
6 Harvested Power Maximization
In this section, we investigate the transceiver design for harvested
power maximization of the proposed scheme under a predetermined
sum-rate constraint.
6.1 Optimal and Suboptimal Designs
Let R0sum denote the target sum-rate for the MWRN. The harvested
power maximization problem can be formulated as
P3 : max
α,θ,ω,p˜E ,p˜1,p˜2,{Rk}Kk=1
PEH(α, θ, p˜E , p˜1)
s.t. (3), (9), (12),
0 ≤ θ ≤ 1,
0 ≤ α ≤ 1,∑K
k=1
Rk ≥ R0sum,
pk,E + pk,1 ≤ Ppeak,∀k,
(30)
Similar to P1, the global optimal solution for P3 can be obtained
as follows.
Theorem 3. For fixed α, θ, and ω, the harvested power maximiza-
tion problem P3 is a convex problem. That is, the optimal solution to
P3 can be found by three-dimensional searching over the associated
convex optimization solutions.
To reduce complexity, we consider the suboptimal scheme as
described in Section 4. Then, the harvested-power maximization
problem can be formulated as
P4 : max
αsub,{Rk}Kk=1
PEH,sub(αsub)
s.t. 0 ≤ αsub ≤ 1,∑
m∈S
Rm ≤ R˜k,S ,∀S ∈ Sk,∀k,
∑K
k=1
Rk ≥ R0sum.
(31)
For fixed αsub, the above optimization problem is a linear pro-
gram. Hence, the optimal solution of (31) can be efficiently obtained
by one-dimension search over αsub.
6.2 Performance Analysis
Based on Theorem 2, we are able to obtain an lower bound on the
average harvested power of DEBIT when there are a large number
of users in the MWRN.
Proposition 2. For the considered symmetric MWRN with a sufficiently
large number of users, the average harvested power of DEBIT under
a feasible target sum-rate R0sum is lower bounded by
P
avg,LB
EH (R
0
sum) =
pi
4
ηGP
[
K2 − ν0
(
1+ν0E1
(ν0
K
))
K
]
e−ν0 ,
(32)
whereE1(x) =
∫+∞
x t
−1e−tdt is the exponential integral function,
ξ0 = 2
2R0sum − 1, and ν0 = ξ0σ2/GP .
Proof: The proof is similar to that of Proposition 1 and is omitted
here. 
Remark 3. Using the inequality that E1(x) ≤ e−x/x < 1/x, the
lower bound in (32) can be further bounded by
P avgEH (R
0
sum) ≥ pi
4
ηGP
[
(1− ν0)K2 − ν0K
]
e−ν0 , (33)
From the above result, we see that the harvested power lower bound
increases with the number of users for a fixed feasible target sum-
rate.
7 Simulation Results
In the simulations, the channels are i.i.d., and reciprocal, and are
modeled as hk =
√
10−2d−3h˜k , where d = 10 m is the distance
between the users and the relay, and h˜k is Rayleigh distributed with
unit gain. Unless otherwise specified, the average transmit power of
each user is Pk = P = 30 dBm, ∀k, the relay power is PR = KP ,
and Ppeak = 10P . The noise variances are set to be σ
2
R,a = σ
2
R,b =
−43 dBm, and σ2R = σ2 = −40 dBm, respectively. The phase dura-
tion is normalized as T = 1 s, and η = 0.7 for energy conversion at
the relay.
7.1 Sum-Rate Maximization
Fig. 2 shows the achievable sum-rate of the proposed DEBIT
scheme with different peak-to-average power ratio (PAPR), which is
defined as PAPR = 10 log10(Ppeak/P ). There are K = 8 users in
the MWRN and the target harvested power is P 0EH = −12 dBm. It is
observed that both the optimal and suboptimal DEBIT schemes out-
performs the conventional SWIPT scheme significantly. The optimal
DEBIT is less sensitive the PAPR. While for the suboptimal DEBIT
scheme, there is certain performance loss for small peak power as
compared with the optimal one.
Fig. 3 shows the achievable rate-energy region of a MWRN
with K = 8 users. The closed-form lower bound (24) is also plot-
ted in the figure. From the figure, we see that the gap between
the optimal DEBIT scheme and the suboptimal scheme is small.
It can also be seen that for small P 0EH, the achievable sum-rate
of these schemes are almost the same since only a small frac-
tion of the power is required for energy-harvesting. However, for
large harvested power requirement, the DEBIT schemes outperforms
the conventional power splitting SWIPT scheme significantly. For
instance, a sum-rate gain of 3 bps/Hz is observed for the optimal
DEBIT scheme when P 0EH = −11 dBm.
The sum-rate performance of the proposed DEBIT scheme with
different number of users is shown in Fig. 4. The target harvested
power is P 0EH = −12 dBm. It can be seen that the lower bound
becomes tight as the number of user increases. Also, the achievable
sum-rate tends to a constant as the number of users increases, which
is consistent with the theoretical analysis.
7.2 Harvested Power Maximization
The average harvested power of the proposed scheme is shown in
Fig. 5. The target sum-rate is 2.5 bps/Hz. From the figure, we see
that the derived lower bound becomes very tight for large number
of users. It can be also seen that as the number of users increases,
more power can be harvested by the relay, and the harvested power
increases much faster than the conventional SWIPT schemes. For
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Fig. 2: Sum-rate performance under different peak power limits,
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Fig. 3: Sum-rate performance under different target harvested
power, K = 8 users, and Ppeak = 10P .
instance, in a MWRN with K = 10 users, the harvested power of
DEBIT is about eight times as that of the conventional SWIPT
scheme.
8 Conclusion
This paper proposed a novel DEBIT scheme for efficient energy
transfer and information deliver in MWRNs. The sum-rate maxi-
mization and harvest power maximization problems were investi-
gated and it was shown that the global optimal solutions for these
problems can be obtained with a three-dimensional search on top of
a convex program. We also proposed suboptimal schemes to reduce
the complexity. In addition, we analyzed the performance of the
DEBIT scheme and derived closed-form lower bounds of the aver-
age sum-rate and the harvested power. Numerical results showed
the tightness of the derived lower bounds. The DEBIT scheme
establishes a novel joint energy harvesting and information delivery
framework, and can be applied to various wireless relay networks or
smart-grid powered wireless networks [26–28].
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11 Appendix A: Proof of Theorem 2
Sort the channels as |hpi(1)| ≤ . . . ≤ |hpi(K)|. Consider the
lower bound first. We assume successive interference cancellation
(SIC) is employed at each user with the same decoding order
pi(1), pi(2), . . . , pi(K). Consider decoding at the user pi(1) with
the worst channel gain. From the rate region (15), the achievable
sum-rate of the other K − 1 users is bounded by
K∑
m=2
Rpi(m) ≤ Rpi(1),Spi(1),sub. (34)
Recall from (11) that the channel seen by user pi(1) (after self-
interference cancellation) is a multiple-access channel with K − 1
users. From the information theory, it is known that the sum-rate in
(34) is indeed achievable using SIC.
For the worst-channel user pi(1), the achievable rate is bottle-
necked by the second-worst-channel user pi(2). With the decoding
ordered as pi(1), pi(3), . . . , pi(K) at user pi(2), the achievable rate
of user pi(1) is
RSICpi(1) = (1− αsub)
× C


ωsub|hpi(2)|2|hpi(1)|2p2,sub
ωsub|hpi(2)|2
(
K∑
n=3
|hpi(n)|2p2,sub + σ2
)
+ σ2

 .
(35)
From the above two equations, the achievable sum-rate of the
proposed suboptimal DEBIT scheme is lower bounded by
Rsum,sub ≥ Rpi(1),Spi(1),sub +RSICpi(1). (36)
Since |hpi(2)| ≥ |hpi(1)| and |hpi(2)| ≥ 0, then RSICpi(1) can be lower
bounded by
RSICpi(1) ≥ (1− αsub)
× C

 ωsub|hpi(1)|4p2,sub
ωsub|hpi(1)|2
(∑K
n=2 |hpi(n)|2p2,sub + σ2
)
+ σ2

 .
(37)
From (36) and (37), we obtain the sum-rate lower bound in (23).
12 Appendix B: Proof of Proposition 1
From (3) and (5), the maximum harvested power of the suboptimal
DEBIT scheme is
PEH,max = ηP
(
K∑
k=1
|hk|
)2
. (38)
The proposed suboptimal DEBIT scheme is feasible only when
PEH,max ≥ P 0EH, that is
K∑
k=1
|hk| ≥ c0 ,
√
P 0EH
ηP
. (39)
Let X = 1√
K
∑K
k=1 |hk |, µH = E[|hk|] =
√
piG
4 and σ
2
H =
Var[|hk|] = (4−pi)G4 . According to the central limit theorem, (X −√
KµH) will converge in distribution to a normal N (0, σ2H) for
largeK, i.e.,
lim
K→+∞
Pr
[
X −
√
KµH ≤ z
]
= Φ(z/σH), (40)
where Φ(x) is the CDF of the standard normal distributionN (0, 1).
Hence, the feasible probability of the suboptimal DEBIT scheme can
be approximated by
Pfs(P
0
EH) = P
(
X ≥ c0√
K
)
= 1− Φ
(
c0√
KσH
−
√
KµH
σH
)
,
(41)
Next, we consider the achievable sum-rate lower bound when the
proposed suboptimal DEBIT scheme is feasible, i.e.,
∑K
k=1 |hk | ≥
c0. For largerK, and under the feasible condition
∑K
k=1 |hk| ≥ c0,
D1 , (
∑K
k=1 |hk|)2 can be well approximated by its mean value:
D1 ≃
[
E
(∑K
k=1
|hk|
∣∣∣∣∑Kk=1 |hk| ≥ c0
)]2
. (42)
Since X = 1√
K
∑K
k=1 |hk| is approximately normally dis-
tributed for large K, D1 can be approximated as D1 ≃
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Kg2
(
c0√
K
,
√
KpiG
4 ,
√
(4−pi)G
4
)
, where g(ζ, µ, σ) is defined in
(26). Similarly, D2 ,
∑K
k=1 |hk|2 can be well approximated as
D2 =
√
Kg
(
c20
K
√
K
,
√
KG,G
)
for large K. As a result, for large
K, the parameters for the suboptimal DEBIT scheme can be well
approximated as
asub ≃ α0sub = P
0
EH
ηPpeakD1
, (43)
ωsub ≃ ω0sub = PR
(P − a0
sub
Ppeak)D2
, (44)
and
p2,sub ≃ p02.TS =
P − α0subPpeak
1− α0sub
. (45)
Consequently, the sum-rate lower bound can be approximated as
RLBsum,sub(P
0
EH) ≃ (1− α0sub)C
(
ω0sub|hpi(1)|2D1p02,sub
ω0sub|hpi(1)|2σ2 + σ2
)
. (46)
From (41) and (46), the average sum-rate lower bound for a given
target harvested power P 0EH can be approximated as
R
avg,LB
sum,sub(P
0
EH) ≃ Pfs(P 0EH)E|h
pi(1)|[R
LB
sum,sub(P
0
EH)] (47)
Note that the PDF of |hpi(1)|2 is given by f|hpi(1)|2(x) =
K
G e
−Kx/G. From (46), (47) and after tedious calculation, we can
obtain the result in (24).
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